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Abstract 

The atherosclerotic disease of the carotid artery is the first cause of Cerebro Vascular Events (CVE) in the western 
world.  Its study has become a big challenge in the researching field because of the complex biomechanical 
properties and the different factors that influence the fluid dynamics as the high shear rates, stagnation and 
recirculation zones, level of platelet activation and exposure time to shear stress, among others [1-5]. 
 
The last developments in simulation make possible studies concerning computational fluid dynamics (CFD) in 
pulsatile flow with elastic walls and environments similar to the reality.  Results obtained from CFD simulations 
from each patient allow an early detection, diagnostic and treatment of the disease. They also clear the 
association among stenosis symptoms and the risk of a CVE. It is known that the platelet activation phenomenon 
depends on the shear stress experimented by the platelets in the fluid and its duration. Activation indicators like 
platelet Level Activation (LA), maximum shear stress trough the trajectory of a particle and the dependence of 
the activation on different shear rates have been associated [2, 5-8]. 
 
The global hemodynamic phenomenon and platelet activation were studied in simplified 2D carotid models [9]  
(0%, 20%, 40%, 50%, 60%, 75% and 80% of stenosis) through an algorithm of particle track. A difference in LA 
of 1.421 dynes s/cm2 was found between geometries of 0% and 80% of stenosis with a v iscosity of 3,5 
centipoises. Significant variations among the particle shear stress were found for the same geometry in the 
critical trajectory at different v iscosities (2.5, 3.0, 3.5 and 4.0 Cp). The critical case results in a variation of 84.4 
dynes/cm2 for a geometry of 80% stenosis with v iscosities between 2.5 and 4.0 centipoises. A high dependence 
among the stenosis severity, the trajectory of the particle and viscosity was evidenced. Two 3D geometric 
reconstructions were made of a patient who presented a healthy and a pathological carotid artery (75% of 
stenosis). Numerical solution of these simulations can be use in future as a starting point of real geometry 
particle paths studies. 
____________________________________________________________________________________________ 
 
 

1 Introduction  
 
About 80% of all cerebro vascular events (CVE) the 
western world are caused by isquemia [2].  Close to 
30% of those isquemic CVEs are of thromboembolic 
origin, proceeding from atherosclerotic lesions 
caused by the abnormal reduction of the arterial 
lumen (stenosis) in the carotid artery bifurcation 
(Figure No. 1). The most used indicator of CVE risk 
is stenosis degree. The NASCET and ECST studies 
evaluated stenosis severity in different ways and 
indicated endarterectomy when stenosis was higher 
than 70% and 80%, respectively [2, 10-12]. The 
reduction in cross-sectional area at the stenosis site 
generates significant changes in the hemodynamic 
conditions of the bifurcation. These hemodynamic 
changes play an  important role in evolution and  

diagnosis of the disease [13]. However, these 
changes are not taken into account when the 
diagnosis is based in the degree of stenosis. In  
consequence, more sensitive diagnostic indicators 
must be generated to identify stenosis which are 
prone to induce a CVE, despite similar degrees of 
stenosis. By using these indicators, the concept 
"significant hemodynamic stenosis" can be 
introduced.  
 
The plaques of ateroma in the stenosis site could 
rupture by effect of shear stresses induced by the 
flow. The exposed, ruptured ateroma stimulates 
coagulation through platelet activation and 
aggregation. Platelet aggregation is initiated by 
adhesion to the endothelium with a fast additional 
recruitment of platelets by means of adenosine 
diphosphate (ADP) release.  In addition, the 
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fragments detached from the plaque could produce 
obstruction in the distal bifurcation area [14-16].     
 
 

 
Studies have indicated that platelets aggregation 
occurs in arteries with stenosis [5]. Platelet adhesion 
and accumulation correlates with the levels of shear 
stress and platelet activation is influenced by ADP 
release and   high shear stresses in the stenosis. 
Aggregation is more likely to occur in zones of low 
shear stress and can lead to thrombus formation. 
Thrombus may occlude small arteries and lead to 
ischemia. The time scale of platelet adhesion is of 
the order of milliseconds, and it is estimated that the 
adhesion force must be very high given the high 
shear stresses that platelets are subjected to, 
especially in stenosed arteries [5, 8, 17]. Since 
hemodynamic conditions play a special role in the 
initiation, promotion and formation of thrombi, it is 
possible that flow patterns can help provide 
hemodynamic indices of thromboembolic potential 
and CVE risk in carotid stenosis. 
 
There are indicators that relate the dynamic history 
of blood particles to platelet activation. These blood 
particles are modeled mathematically by means of 
the trajectory of points representing the movement 
of uniformly distributed platelets in blood. There are 
indicators based on these trajectories such as shear 
stress and level of activation (LA), which correlate 
with platelet activation and aggregation [2, 18].  
 
In the present study besides we correlate the 
phenomenon of the particle trajectory in the blood 
with the platelet activation and aggregation in 
different stenosis degrees, we correlate the effect of 
the v iscosity of the blood since this parameter 
affects the hemodynamic conditions (shear stress).  

Finally like future perspectives were generated 
models of real arteries (normal and pathological) in 
which the general hemodynamic was studied. These 
models would serve to make particle track in real 
geometries, bringing a better understanding of the 
disease. 

2 Methodology  
 
From a hemodynamic standpoint, carotid artery flow 
simulations helps understanding (Computational Fluid 
Dynamic simulations) the platelet activation and 
aggregation. In this section main procedures to 
generate 2D simplified models are described. These 
models were generated at different stenosis severities 
and viscosities. An algorithm of particle track was 
generated from the numerical solution of these 
simplified 2D models (Velocity Time Planes), this 
allowed us to approach the global phenomenon of 
activation through particle shear stress and its 
duration; this particle does not present any type of 
interaction with the surroundings (inside the fluid and  
wall interaction). 
 
Finally a protocol of reconstruction and simulation of 
3D real geometries is described as perspective of this 
study. Two simulations corresponding to a subject 
that presented a healthy and a pathological carotid 
(75% stenosis severity) were reconstructed and 
simulated as a starting point of real geometry particle 
track studies.  
 

2.1 2D Geometry 
 
2D simplified geometries allow obtaining global and 
useful data in the analysis of any Finite Element 
model. Given the difficulty to generate a vast number 
of 3D real geometries in order to analyze the 
problem, it was necessary to generate simplified  
models that allow us to save computational resources 
and time. The 2D simulations were made  from 
reported NASCET criterion in eccentric geometries [9, 
19].  
 
A computational model generation requires different 
information of the physical phenomenon. The steps 
are: (1) geometry generation, (2) mechanical 
properties of the materials and (3) boundary 
conditions. These steps require simplifications due to 
the limitations of the computational models.  
 

          
                      a)                                            b).  
 
Figure No 1. a) Common, internal and external carotid artery. b)  
Development and fragment detachment of an atherosclerotic 
plaque. Taken and modified from: http://medlineplu.gov 
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2.1.1 Geometric Generation 
 
Stenoses with different severities were generated 
(between 0% and 80%) according to the 
parameters shown by Smith the al.  It is important to 
write down that from the radiologist point of v iew, 
the values of 50% and 75% stenosis are special 
criterion for the evaluation and treatment of the 
disease in studies of vascular ultrasound  [10]. 

2.1.2 Arterial Wall and Surroundings  
 
In order to consider the effect of the wall and the 
surrounding tissue in the artery flow, we 
encapsulate the artery in a cylinder of three 
centimeters of radio. This simplification includes the 
inertia of the environs equivalent to the resistance of 
the movement in the axial direction. The tissue was 
considered isotropic with a modulus of elasticity 
equals to 0,25 MPa and a poisson ratio of 0.3 [17, 
20]. Since a rigid model can overestimates the shear  
stress in the wall and underestimate the pressure 
fall a surrounding tissue, the hemodynamic 
characteristics were not affected at all [21].  

2.1.3 Fluid 

 
One of the best models of v iscosity that describes 
the v iscous behavior of the blood is the Carreau 
model. Although the blood is a No-Newtonian fluid, 
for arteries of great size with relatively high rates it 
is good serious approach the one of a Newtonian 
fluid [22]. No-Newtonian fluid displays a flattening in 
the end of the velocity profile, zone that is not of 
interest in the present study since the interest is 
given by the flow zone near the wall (zone of high 
shear stress). Values of v iscosity of 2,5, 3,0, 3,5 and 
4,0 centipoises were applied to the model, and one 
density of 1060 Kg/m3. Viscosity was varied to 
determine its effect in the velocity profiles and shear  
stress. 
 

2.1.4 Boundary conditions and model 
solution 

 
Since the hemodynamics are sensible to the inlet 
wave [11], a variable velocity condition in the 
common carotid  inlet was applied. The acquisition 
of the velocity boundary wave was obtained with 
Doppler equipment (SIEMENS, Germany). The 
velocity were obtained in a healthy patient, in order 

to implement the digitized wave in the finite element 
software, the wave was captured and was generated 
a vector with the respective values. For this aim an 
algorithm that recognized the contour of the velocity 
wave was generated, in the internal carotid outlet 
was placed a pressure P = 0,5 KPa and in the outlet 
of the external carotid a pressure p = 0. The solution 
of the equations that govern the flow were developed 
under the hypothesis of laminar flow. 
 
Once the geometry was made, the fluid dominium 
was discretized with elements type 141 and the solid  
dominium was discretized with element type SOLID 
45. To generate the interface between them 
(interface fluid-wall) we activated FSI module (Fluid-
Solid Interaction) of ANSYS - FLOTRAN. 
 

2.2 Particle Track and plateled 
aggregation  

The velocity, pressure, wall shear stress, as well as 
the pulse pressure contours and the visualization of 
vectors are not sufficient to understand dynamics of 
the flow. Sometimes it is difficult to interpret and to  
communicate. Although post processing of the results 
in ANSYS is very interesting, we obtained important 
data of the trajectories of particles in the 2D models. 
Inspired in the In-Vivo v isualization techniques [23, 
24], we implemented an algorithm that allowed to 
find the trajectories of particles in the fluid.  
 
The calculation of the trajectory of particles is based  
on the numerical integration of an ordinary 
differential equation, (Equation No 1). 
 
 

)(XV
dt
dX

=                    (1). 

 
Where t denotes the time, X the position of the 
particle, and V(X) the velocity plane. The starting  
point Xo of the particle provides the initial condition 
(Equation No 2). 
 

XotoX =)(                    (2). 

 
the solution is a sequence of positions (X(to), X(t1)...). 
 
An algorithm of particle track must follow the 
following steps: first, a search of the cell or finite 
element that contains the starting point of the 
particle. In order to determine the velocity in this 
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position, the velocities of the corners of the cell are 
interpolated. Then an integration process calculates 
the new position of the particle. Again, it is made a 
new search, but this time for the cell that contains 
the new position. The process of space location, 
temporary-space interpolation and integration is 
repeated until the particle leaves the dominion. 
Being left the reconstruction div ided in three steps 
thus: 
 

• Element search 
• Interpolation 
• Integration  

 
These data serve to find from the trajectory and the 
deformation matrix at each point of the particle path  
(Equation No 3). Is was necessary to find the proper 
values of matrix D, once found these, took half from 
the difference between the maximun and minimum 
value considering a fluid with linear behavior 
(Newtonian fluid). The Dmax value represented 
maximum shear rate value (Equation No 4). 
 
Platelets are exposed to different shear stress levels 
at different durations as they travel through the 
different flow zones. Some times they reach high 
stress in the contraction zone in relative short 
periods of time and relatively high stress per longer 
periods when a platelet moves by a layer that 
passes through the interface between the main  
regions of flow and the zones of recirculation. A 
quantitative valuation of the cumulative effort of 
those that come near to the zone of recirculation 
has a high incidence of activation [3].  
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maxmax Dµτ =            (4). 

 
Under normal circumstances platelets circulates in a 
near contact with endothelium of the arterial wall 
without adhering to him but they respond rapidly to 
the alterations of the cells fixing itself firmly to the 
affected zone making the fact important to follow 
particles near the wall [25]. From this platelets flow 
logs  in the time  must be obtained through all the 
dominion since a strong dependency with same 
geometry exists [2]. Few studies have been made 
that consider the variation of the shear stress in the 

carotid arteries, reason for which is necessary to 
implement an indicator that shows the potential of 
activation through an stenosis by means of an  
indicator known like Level of Activation (LA)[3] 
(equation No 5).  

 

                 ∑ ∆⋅= tNA τ
      (5).  

Where:  
t = represents the instantaneous maximum shear  
stress of the particle. 
∆t = time of residence of the particle between two 
points of its trajectory. 
 
It is probable that the cumulative effect of the shear  
stress and the time of exhibition in the possible 
trauma are not to linear, therefore this indicator 
serves like an initial determinant of the process that 
can be refined in future studies, for the present study 
from these geometries it is possible to generate 
particle trajectories that will be able to help to 
understand better the phenomenon of activation and 
aggregation from the LA. 
 

3 Results  
3.1 2D Geometry 

 
Seven  geometries corresponding to 0%, 20%, 40%, 
50%, 60 %, 75% and 80% of stenosis severity were 
generated (Figure No 2), in which it looked for to 
measure the effect of v iscosity on the shear stress 
(2,5, 3,0, 3,5 and 4,0 centipoises).  
 

 

 
 
Figure No 2 .Different representations of the stenosis severity.  
(a) Normal Geometry, (b) 20 %, (c) 40 %, (d) 60 %  y (e) 
80%.  
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A velocity wave in the common carotid 
corresponding to a healthy patient was 
implemented, Figure No 3 show the reconstructed 
wave. 

3.1.1 Velocity through the stenosis 
 
The systolic velocity in the internal carotid presents 
an association with the degree of stenosis for the 
radiologists, these by means of Doppler techniques. 
They pay attention to the zones of greater 
importance given by: pre-stenotic, stenotic and 
post-stenotic regions, but the most important 
Doppler measurement is in the stenotic zone [26]  
since in high degrees of stenosis the global 
resistance of the flow increases and generates a 
considerable increase in the velocity [27]. 

 
Figure No 4 show to the effect of the reduction of 
the diameter and the increase of velocity in the 
stenosis. It is important to notice that this indicator 
no varies considerably with the change of v iscosity 
in a given stenosis severity, for that reason in the 
single figure appears the tendency for a v iscosity of 
3,5 Cp since for other v iscosities the curves were 
superposed. 

This fact must be an alert for radiologists considering 
that the effect of the velocity in the measurement or 
diagnostic is not sensible to v iscosity but if it has a 
great importance in the process of shear stress on  
particles as we will see later. 

3.1.2 Wall shear stress  
 
The wall shear stress has been related to the zones 
prone to develop atherosclerotic plaque, to induce the 
platelet aggregation and to generate injuries in the 
endothelial wall. Although the central study of this 
investigation is not the wall shear stress the 
simulation results present an important growth of 
these values with the severity of the stenosis and 
viscosity, showing a significant growth from a 
stenosis value of 50% for all v iscosities (Figure 5), 
value that is agreed with the criteria of handling the 
disease according to the medical valuations as we 
explain previously. In the figure there is a  maximum 
value of 386,55 dinas/cm2, value prone to hurt the 
endothelial tissue, a level equals or higher of shear 
stress  to 400 dinas/cm2 is critical[28]. 
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Figure No 4. Effect of the stenosis severity in the velocity at the 
stenosis zone. Viscosity = 3.5 Cp.  

 
Figure No 3. Velocity reconstructed wave at common carotid 
artery 
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The wall shear stress has been an indicator of 
aggregation and helps to understand the 
phenomenon since it shows a correlation with the 
percentage of stenosis. The highest value in the 
proximal zone of the internal carotid zone were 
found with a wall shear stress level of 38,65 Pa 
(386,5 dynes/cm2) in the 80% stenosis severity. 

3.1.3 Particle Shear Stress and Level of 
Activation    

 
In order to find the particle that are under the 
greater shear stress we made different particle 
trajectories in the systolic time from at the 
bifurcation inlet (seven trajectories). The particle 
that has greater level of activation in a eccentric 
stenosis of 0%  was the one that is near the wall 
and which passes through the zone of 
recirculation[2],  the particle with greater level of 
activation presented a value of LA = 3,3543 dynes s 
/ cm2, (Figure No. 6). This result serves as particle 
reference that exhibits the highest effect of the 
shear and that in the present it will be known like: 
critical trajectory. 

 

3.1.3.1 Level of Activation 
 
The Level of Activation this related to the shear stress 
and the time which they are under. In order to 
evaluate the state of shear stress in a particle in the 
critical trajectory a 80% stenosis severity was taken 
at different v iscosities (Figure Not 7). It is important 
to remember, as it were mentioned previously, that 
platelets tends to be located in a zone near the wall 
in a nondisturbed flow  [25] and that the greater 
shear stress is given for a particle  which crosses the 
artery near the wall. 
 
The shear stress as it passes the particle through 
geometry is always greater for models with high 
coefficient of v iscosity. The shear stress begins to  
raise considerably in the moment at which it begins to 
pass through the zone of the stenosis, maintaining 
that tendency when it passes through the zone of 
distal recirculation to the zone of the stenosis (zone 
where a jet appears) agreed with the hypothesis 
presented in previous studies [3]. Once the particle 
passes the recirculation zone this is put under the 
shear stress of a nondisturbed flow returning to a 
level of normal conditions 
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Figure No 5. Wall shear Stress in the artery proximal internal carotid 
according to the variation of viscosity and the severity of the 
stenosis, it is important to notice the exponential increase that it 
begins from the degree of 50% of stenosis. 

 
Figure No 6. Variation of the LA (activation level) within an eccentric geometry of
values show the values for the different ways that geometry shows. (1) 3,3843 
2,4515 (7) 2.1737 
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The effect of the trajectory and the shear stress in a 
stenosis of 80% and their LA was presented. In 
order to see the global effect of these it was 
necessary to construct figures that show  these two 
effects in a condensed way for the different stenosis 
degrees and viscosities (Figure 8 and 9). It is 
remarkable in figures 8 and 9 that for a particle from 
50% of stenosis they begin exponentially to grow at 
levels of the LA and the maximum shear values, 
becoming a sensible value from the hemodynamic 
point of v iew in the development of the disease. 
 
 
 
Although that it is not completely defined in 
literature important changes in the activation from 
150 dinas/cm2 in particles submissive in fractions of 
milliseconds and 80 dinas/cm2 in approximately 10 
seconds [2, 5].  It is necessary experimentally to 
validate the values presented here by means of 
experimentation with the same conditions of the 
present study. 
 
Analyzing the results we found a difference of 1,421 
dynes s/cm2 of level of activation between 
geometries from 0% to 80% of stenosis for a 
v iscosity of 3,5 centipoises [29]  (average viscosity in 

human beings) and was a great variation between the 
shear stress for the same geometry in the critical 
trajectory of the particle. The critical case resulted in  
a variation of 84,4 dynss/cm2 for a geometry of 80% 
of stenosis with v iscosities between 2,5 and 4,0 
centipoises, showing to a high dependency of the 
percentage of stenosis and viscosity. 
 

4 Conclusions  
 
Independent of the handling of the disease or the risk 
vascular factors  that help to control the 
atherosclerotic disease like the reduction of the blood 
pressure in hypertense subjects, the strict control of 
the cholesterol levels and the reduction consumption 
of tobacco and alcohol [30], it is necessary to raise a 
new handling of the disease through the modification 
of the hemodynamic factors and its respective 
knowledge [31], specially of geometry and viscosity in 
the blood arising  important the “significant 
hemodynamic stenosis” concept. 
 
Authors have shown that the LA is highly dependent 
of geometry [2], some of them have presented 3D 
carotids  with centric and eccentric 30% stenosis  
finding that the LA has compromise more particles at 
higher values in the last one. It is possible that the 
value of accumulated level of activation for a particle 
that travels in the critical trajectory do not shown the 
zones with high stress values. This is why maximum 
shear stress in the trajectory of the particle appeared 
to complete the information of the indicator. 
 
Simulations of simplified carotids were made and 
were found significant differences in the LA from an  
algorithm of particle track that allowed to find this 
indicator and in addition the behavior to the shear  
stress in the time. The data were obtained in the 
systolic peak when the particles initiated his enter in  
the respective geometries. This allowed showing the 
meaning of historical log like indicators. 
 
It is necessary to continue studying the phenomenon 
of activation in real geometries starting off of the 
hypothesis that has shown previous studies where 
this indicator varies for a same percentage of 
stenosis, hypothesis that sustains the re-evaluation of 
the medical criteria of from the percentage of 
stenosis. The LA exhibits important variations at high 
levels of stenosis and viscosity. 

 Figure No 7. Shear Stress along the critical particle path in a 80% 
stenosis severity at different viscosity values. The bottom figure 
correlates the critical trajectory once the particle passes through 
diameter reduction and s hows an elevated shear stress condition 
where it passes through the recirculation zone.  
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The effects of v iscosity in the LA have not been 
reported until the moment and this study sample 
must be taken into account in the evaluation from 
the stenosis carotid severity. The viscosity of the 
blood must be considered especially in places with 
high altitude on the level of the sea due to its 
relation with the hematocrit and the viscosity value. 
 
As a perspective it is necessary to continue studying 
the phenomenon of activation in geometries starting 
off of the hypothesis that there are shown previous 

studies where this indicator varies for to same 
percentage of stenosis, hypothesis that su stains the 
medical re-evaluation diagnostic criteria from the 
percentage of stenosis. The LA exhibits important 
variations at high levels of stenosis and viscosity.  

5 Perspectives  
 
Once made the hemodynamic global study in 2D 
geometries, it is necessary to implement the studies 
of particle track in real geometries. We present a 
protocol of generation of geometries from diagnostic  
images, also considers an experimental validation of 
the results obtained in the software of simulation in 
models with fluid-wall interaction. 
 

5.1 3D model generation  
The computational models generation requires a 
greater amount of information on real physical 
phenomenon. The passages for the generation of a 
basic model are: (1)  geometry generation; (2) to 
establish mechanical properties of the materials and  
(3) to establish the boundary conditions. These steps 
require simplifications due to the limitations of the 
computational models. 

5.1.1 Geometry  
 
The generation of geometric models of real carotids 
arteries from images of computerized tomography, 
comes from a process of segmentation of the carotid 
artery based on the extraction of the bidimensional 
contours (2D) carried out on the images 
corresponding to the axial cuts of the computational 
tomography (3D). The algorithm crosses one to one 
the cells of the image and determines for each one of 
them the case that satisfies the arterial lumen. The 
successive application of the algorithm on each cut of 
the series gives as result a sequence of contours 
throughout the artery that represent the places as 
where we will have the circulation of the blood, the 
reconstruction of the artery is carried out from an 
adjustment of points that united form the contour of 
the arterial lumen (Figure No. 10). The generation of 
the mesh and the conditions of the model were 
implemented by means of well-known commercial 
software  ANSYS ®, the discretization of the space 
take by means of tetrahedrons, elements type FLOW 
142 that serve to work systems with fluid in 
transient/steady state. 
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Figure No 9. Level of Activation in different stenosis severity for 
different viscous values.  The figure shows a exponential growth 
at 60% stenosis severity 
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Figure No 8. Maximum shear  stress along the critical particle 
trajectory at different eccentric NASCET stenosis severity and 
viscosities. The figure shows an exponential growth at  50% of  
stenosis.   
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5.1.2 Arterial wall and Surroundings  
 
In order to consider the effect of the wall and the 
surrounding tissue effects in the flow of the artery 
we encapsulate the artery in a cylinder of three 
centimeters of radio, in this way the hemodynamic 
characteristics are not affected since a rigid model 
can overestimates the shear stress in the wall and 
underestimate the pressure fall [21]. This 
simplification includes the inertia of the environs 
equivalent to the resistance of the movement in the 
axial direction. The tissue was considered isotropic 
with a modulus of elasticity equals to 0,25 MPa and 
a poisson ratio of 0.3 [17, 20].  
 

 

5.1.3 Fluid 
One of the best models of v iscosity than describes 
the v iscous behavior of the blood is the Carreau 
model. Although the blood is a No-Newtonian fluid, 
for arteries of great size with relatively high rates of 
a good serious approach is the one of a Newtonian 
fluid[22] Average viscosity of 3,5 Cp was used.  

5.1.4 Boundary Conditions  
 
A variable velocity condition in the common and 
external carotid  inlet/outlet respectively was 
applied, this with the purpose of obtaining a model 
near the reality since the hemodynamics is sensible 
to the inlet wave [11].  The acquisition of the 
velocity boundary wave was obtained with Doppler 
equipment (SIEMENS, Germany). For this aim an  
algorithm was used that recognized the contour of 
the velocity wave and to establish the values of 

velocity in a cycle, in the external and common 
carotid and a pressure value p=0. The solution of the 
equations that govern the flow developed under the 
hypothesis of laminar flow. 
 
 

5.2 Results  

Two real geometries for a same subject from 65 
images of tomography were reconstructed. A carotid 
presented a normal picture and the other stenosis 
with a severity of 75% (Figure No 11) the velocity 
boundary condition was reconstructed by an 
algorithm proposed in MATLAB®. From these models 
it is possible to obtain indices that help to diagnose 
the disease by means of parameters like stenosis 
velocity and the state of wall shear stress.  
 

 
  

5.2.1 Global hemodynamic results  
 
The maximum shear stress in the healthy artery have 
a value of 12,45 Pa (124,5 (Dynes/cm2), and for the 
artery with stenosis 76,4 Pa (764 is (Dinas/cm2). 
These values show the effect of the severity of the 
stenosis in the arterial wall (shear stress) (Figure No. 
12). The maximum velocities are respectively of 1,68 
cm/s and 4,36 cm/s. 
 

Figure No 11. Reconstruction of Healthy Carotid (left) and carotid with 75 %
ANSYS (Inc. Ansys, the USA). 
 

 
 
Figure No 10. Processing of diagnostic images. (a)  Computational  
Tomography  of the carotid artery. (b) Technique of segmentation 
of the carotid artery. (c) Geometric model generated, made up of  
a piling up vascular lumen. 
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5.3  Experimental validation of the 3D 
model 

In order to make a validation of the results from the 
computational simulation the following methodology 
shows an experimental assembly that was made 
with an Echo Doppler machine to recognize the 
velocity profiles in a simplified geometry (phantom), 
and they were compared with a computational 
simulation under the same conditions. 
 

 

5.4 Assembly 
 
An assembly with physiological approximate 
conditions was made (Figure No. 13). A physical 
model in latex surrounded by Cryogel where made 
and the Cryogel respectively represents the arterial 
wall and tissues of the surroundings. The pump has 
capacity to generate wave flow to the criterion of 
the user. The liquid that crosses the model is a 

water and Orgasol®, opaque substance to the 
ultrasound, in a relation from 70% to 30% 
respectively (Figure No 14). The assembly physically 
is in a laboratory in Florence, Italy, and the tests will 
be made by a student of Doctorate of university INSA 
Lyon France like part of a shared work in the 
validation of the results of their thesis and the 
present 
investigation.

 

 
In order to simulate the stenosis closest to the reality 
it was necessary to generate walls in latex by means 
of an immersion of a rigid mold in this substance, the 
mold was created in a laboratory of the University of  
Los Andes (Bogotá, Colombia) in a stereolithographic 
machine Dimension®  (USA). 
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